This study evaluated the reproducibility of sagittal condylar path inclination with seven types of semi-adjustable articulators used in clinical settings.
Introduction
Semi-adjustable articulators are used both to diagnose occlusion at protruded and lateral eccentric jaw positions and to select the optimal treatment plan. In addition, based on the reproduced jaw movement, the arrangement of artificial teeth and the fabrication of prosthetic appliances are also performed. Semi-adjustable articulators have multiple advantages over the average value types. They have mechanical condylar elements which can be adjusted for lateral and descending movements of the mandible by positional interocclusal records, 1 although the condylar path is reproduced linearly. The maxillary cast is mounted at the appropriate relationship to the condylar hinge axis using a face-bow transfer. 2 The articulator is approximately the same size as the temporomandibular joint in humans and it minimizes the errors related to the hinge axis radius and intercondylar distance. 2 When determining the sagittal condylar path inclinations using clinical procedures, the anterior check bite method is preferred as the usual method for reproducing them in a semi-adjustable articulator. However, it has often been suggested that the sagittal condylar path inclinations obtained by this method are unstable. 3 Gross et al. 3 determined the horizontal reference plane by cephalogram and adjusted the sagittal condylar inclination of three types of semiadjustable articulators by the check bites of the same multiple patients to compare the results. dos Santos Jr. 4 measured the mandibular movement using Cyberhoby computer pantographs of three subjects and the movements of six types of articulators. However, no studies exist that compare many types of semi-adjustable articulators to actual sagittal condylar inclination by utilizing accurate jaw-tracking systems.
Recently, various jaw-tracking systems with six degrees of freedom have been developed that can accurately measure mandibular movements [5] [6] [7] [8] and thus provide a visual evaluation of jaw movement pathways and multi-variable analysis of numerical jaw movement parameters. They are also clinically useful for diagnosing temporomandibular disorders and making dental prostheses. 8 Furthermore, a novel robotic articulator that reproduced a six-degree-of-freedom jaw movement was developed and it has been demonstrated to be a useful device. 9 The purpose of this study was to evaluate whether the sagittal condylar inclination for individual patients is correctly reproduced in the leading seven types of semi-adjustable articulators by comparing the data obtained by a jaw-tracking system with six degrees of freedom.
Materials and Methods

Subjects
The subjects consisted of five members of the medical staff at the First Department of Prosthetic Dentistry, Matsumoto Dental University (4 males and 1 female), with a mean age of 31 years. Measurements were taken after explaining the method of the experiment to all the subjects and obtaining their informed consent.
The inclusion criteria included: those with individual normal occlusion without loss of teeth, except for third molar, with stable intercuspal relations. The exclusion criteria included: those with edge-to-edge occlusion or an anterior cross-bite; an acute condition in the maxillofacial region; jaw arthritis; being in the midst of treatment for jaw functional abnormalities; and tooth mobility of 2 or more.
Measurement of sagittal condylar path angles utilizing the anterior check bite method
From each subject, alginate impressions (Algiace, Densply Sankin, Tokyo, Japan) of the maxillary and mandibular arches were taken and filled with dental superhard plaster (New Fujirock, GC, Tokyo, Japan). The powder-water ratio was set at 0.2 according to the manual. The maxillary cast was mounted with hard plaster (Himaunt, San-esu, Osaka, Japan) in each semi-adjustable articulator using the corresponding face-bow. The mandibular cast was then mounted in intercuspal position without any registration, while fitting the cast together. As for the anterior check bite, each subject gave an anterior edge-to-edge position five times, and 5 check bites were obtained using vinyl silicon (MEMOREG2, Heraeus Kulzer Japan, Tokyo, Japan).
Seven types of semi-adjustable articulators were used as shown in Table 1 ( Figs. 1 and 2 ). To standardize the base plane of each articulator as the Frankfort horizontal (FH) plane, the infraorbital point was used for the anterior reference point. The ear-piece type face-bow was used for Denar Cadiax Compact (CDX), Denar Centri-Check System (DCS), Denar Mark II (MK II) and a point 13 mm anterior from the antilobium was set as a rear All measurements were taken in accordance with the instructions for all articulators by an experienced dentist.
Measurement of the sagittal condylar inclination by a jaw movement analyzer with six degrees of freedom
Using a digital type jaw movement analyzer (MM-JI-E, Shofu Inc. Kyoto, Japan; Fig. 3 ), anterior gliding movements were performed 5 times in each subject. The sagittal condylar inclination was measured in every session of the anterior mandibular movement in sagittal plane displayed on the computer. This analyzer is a jaw-tracking device that measures jaw movement with six degrees of freedom and the spatial accuracy at the incisal point has been reported to be within 0.3 mm.
Since the sagittal condylar path forms a downward convex arch, the angle formed by the bisector of the line linking the start point and the end point and the line linking the start point and the deepest point of the arch and FH plane was defined as the sagittal condylar inclination (Fig. 4) . The representative point of the caput mandibulae used for measurement was defined as the axis point for all movement. 
Statistics
A two-way analysis of variance was performed for both the left and right sagittal condylar path inclinations obtained with the seven types of semi-adjustable articulators and condylar path inclinations obtained with a jaw-tracking system with six degrees of freedom in 5 subjects. In a subsequent analysis, they were compared using Fisher's PLSD method. The significance level was set at 5%.
In addition, a one-way analysis of variance was conducted to compare the articulators of the condylar types (184, ARL, 181, H2O) and the arcon types (CDX, DCS, MK II).
For the statistical analysis, a statistical software program (SPSS version 10J; SPSS Japan Inc, Tokyo, Japan) was used.
Results
Significant differences were observed in measurements of sagittal condylar inclination with the same subjects in seven types of articulators using the check bite method as a result of two-way analysis of variance and among articulators there were differences in measurements (p < 0.01) ( Tables 2 and 3) .
As a result of multiple comparisons, regarding the sagittal condylar path inclinations obtained with 184 and ARL, significant differences from those obtained by the jaw-tracking system with six degrees of freedom were observed on both right and left sides. In addition, in DCS and MK II, significant differences were observed on one side. Moreover, no significant differences were observed between CDX, 181 and H2O (Tables 4 and 5 (184, ARL, 181, H2O) and the arcon types (CDX, DCS, MK II). As a result, no significant difference was found (p < 0.05) (Figs. 9 and 10 ). In addition, the values of the sagittal condylar path inclinations in every articulator were smaller than the actual values (MM) by 0.04 to 5.06 degrees (Tables 4 and 5 ).
Discussion
Among the seven types of articulators used in this study, CDX, 181, and H2O exhibited superior reproducibility in terms of accurate measurements of sagittal condylar path inclinations. These 3 types of articulator are recommended in the anterior check bite method.
dos Santos 4 investigated the differences in linear and angular path of different semi-adjustable articulators, which were protrusive and sagittal inclinations, immediate and progressive sideshift, Bennetto angle, then reported that arcon types have higher reproducibility than the condylar types. However, in this study, there were no differences in the sagittal condylar path inclinations with different types of articulators such as the condylar types and the arcon types.
A remarkable feature of this study over previous studies was that the jaw-tracking system with six degrees of freedom, MM-JI-E, was used for measuring actual sagittal condylar inclination. The accuracy of this system depends on the measuring point, that at the original point in the measuring device is within 0.017 mm and that at the incisal point is within 0.3 mm. 7 Since a check bite method is based on a linear relationship of the orbit between the intercuspal and excentric positions during mandibular movement, the condylar paths in semi-adjustable articulators are expressed as linear, thus the condylar path in a human body is represented in a linear manner with this method. In fact, it has been reported that the sagittal condylar inclination reproduced in semi-adjustable articulators with the check bite method tends to be gentler than the condylar inclination because 92% of the sagittal condylar inclination forms a downward convex arch. 12 In this study, the values of the sagittal condylar path inclinations in each articulator group were smaller than the actual values by 0.04-5.06 degrees, and it was similar to the results reported by Aull et al. 12 One limitation of this study is the different types of articulators such as the condylar types and the arcon types were compared, which all have different base planes and rear reference points. To solve this problem, this study standardized the base plane of each articulator as the FH plane as described above. In this study, no significant difference was found between the two types. However, the sample size was small and it cannot be concluded that these two types have the same accuracy in measuring the sagittal condylar path inclination.
Conclusion
Among the seven types of articulators used in this study, CDX, 181, and H2O represented superiority in measuring the sagittal condylar path inclinations. There were no differences between the values obtained by the condylar types and the arcon types. Sagittal condylar path inclination reproduced in semi-adjustable articulators with the check bite method was represented as smaller than the actual values by 0.04-5.06 degrees.
